INTRODUCTION
Smoke inhalation injury is initiated by the uninhibited absorption of inhaled smoke and toxicants in the respiratory system, and is the leading cause of mortality from structural fires. In combat situations, inhalation injury is particularly common during armour engagements, shipboard fires, and military operations in an urban environment. For the civilian population, there is the possibility of terrorists employing conventional fuels and explosives or toxic industrial chemicals. The inhalation of these compounds would produce injuries similar in several aspects to the inhalation of smoke.
Smoke inhalation injury can be caused by primary thermal burns due to inhalation of hot vapours, inhalation of toxic gases and particulates, or in combination. The pathophysiology and severity of inhalation injury varies with the aerosolized toxins emitted with the smoke. Lung damage from smoke inhalation injury generally occurs in two stages. The first stage is characterized by neutrophilic influx, production of reactive oxygen and nitrogen species, generation of inflammatory meadiators and release of products from degradation of complement. The second stage is characterised by fibrosis, cellular hyperplasia and formation of hyaline membrane. Smoke inhalation injury can be divided into three parts, the upper airways, the lower airways and system toxicity.
The level of mortality, progression of lung injury and increase in inflammatory markers and the subsequent deterioration of lung function was similarly observed in both human victims of smoke inhalation as well as in animal models of smoke inhalation injury. Animal models are fundamental in providing an understanding of the mechanisms and progression of inhalation injury along with the subsequent development of appropriate therapies.
PATHOPHYSIOLOGY OF SMOKE INHALATION
Cytotoxic particles causes initial damage to the upper air passages, which can lead to an inflammatory response. Inflammation and pulmonary edema causes increased resistance in airflow and breathing becomes more difficult. Further increase in airway resistance can be caused by reflex bronchoconstriction. Bronchiolitis and alveolitis causes reduced gaseous exchange efficiency and reduces blood oxygenation. Reduced surfactant or trapped air may cause atelectasis (partial or completely collapsed lung) which leads to secondary airway blockages.
A report on cotton smoke inhalation in sheep shows that lung lesions formed are due to localized injury and not a generalised pulmonary response (1). Rats challenged with concentrated ambient particles are found to be affected by the chemical composition of the particles instead of their mass (2). In fire victims in the US, progressive pulmonary failure and cardiovascular dysfunction are important determinants of morbidity and mortality (3).
The analysis of smoke inhalation in rabbits was used to determine that cigarette smoke inhalation leads to significantly increased intraparenchymal vascular congestion and thrombosis, intraparenchymal haemorrhage, respiratory epithelial proliferation, heightened numbers of macrophages in alveolar and bronchial lumen, alveolar destruction, emphysematous changes and bronchoalveolar haemorrhage scores. Dried dung smoke inhalation results in considerably increased respiratory epithelial proliferation, alveoli destruction and emphysematous change scores (4).
Second-hand smoke exposure lengthens stimulated apnoea, increases the number of stimulated coughs and increases the degree of stimulated bronchoconstriction as a result of the increased reactivity of the peripheral sensory neurones and second-order neurones in the nucleus tractus solitarius. This suggests that cough and wheeze caused by exposure to second-hand smoke could be related to plasticity in the nervous system (5).
Smoke inhalation without burns precedes a fall in arterial oxygenation that is caused by increased pulmonary fluid flux, loss of pulmonary vasoconstriction and airway obstruction, which is mediated in part by reactive oxygen and nitrogen species. The reactive nitrogen species can be detected by measuring reaction products such as 3-nitrotyrosine, a tissue injury indicator, which is elevated in the airway after smoke/burn injury. Additionally, the blockade of bronchial blood flow aids in minimizing pulmonary injury, suggesting that cytotoxins and activated cells are formed in the airway and carried to the parenchyma, leading to pulmonary edema and reduction in blood oxygenation (6).
Pulmonary edema
Pulmonary edema is the main determinant to mortality and the pathophysiology of lung injury from smoke inhalation (7). An ovine cotton smoke-inhalation model showed an increase in capillary permeability, proposed to be caused by cytotoxic agents found in the smoke, polymorphonuclear leukocytes and eicosanoids (8). Another study suggested that the increase in microvascular permeability is caused by an increase in circulating leukocytes and release of oxygen radicals and proteolytic enzymes (9). Another study in ovine smoke-inhalation model shows that pulmonary edema is formed as a result of significant increase in both capillary pressure and capillary permeability (10).
Airway blood flow is increased due to selective vasodilation in the airway, which may account for increased capillary filtrate from the bronchial circulation, culminating in pulmonary edema (11). Another study in ovine shows that bronchial artery ligation led to increased attenuation of pulmonary edema as compared to pulmonary artery ligation. This suggests that the bronchial artery significantly contributes to pulmonary edema when compared to the pulmonary artery (12).
Blood flow
The analysis of sheep models is used to establish the relationship between smoke inhalation and blood flow. An increase in systemic blood flow to the lower trachea and intrapulmonary central airways accompanies smoke inhalation (13). After 48 h of exposure to cotton smoke, blood flow to the trachea increases significantly, blood flow to the kidneys remains at pre-exposure levels, whilst blood flow to the ileum, colon, spleen and pancreas decreases markedly. These changes are independent of cardiac output and systemic oxygen delivery. The alteration of microvascular blood flow leads to the development of nonpulmonary organ dysfunction after smoke inhalation injury (14). When one side of the lung is exposed to smoke inhalation injury while the other side is exposed to air, damage also occurs in the air-exposed side, alluding to a mediatory response via blood flow (15).
Lung lymph flow
Sheep that are exposed to cotton smoke without bronchial artery occlusion display a sevenfold increase in lung lymph flow compared to controls. Moreover, sheep exposed to cotton smoke with bronchial artery occlusion reveal a threefold increase in lung lymph compared to controls. A wet-to-dry weight ratio of the aforementioned lung samples without bronchial artery occlusion is 23% higher than those with bronchial artery occlusion. These data illustrates that pulmonary fluid flux plays a role in the formation of pulmonary edema (16). However, an earlier paper published by the same group suggests that there is no correlation between an increase in bronchial blood flow and lung lymph flow after cotton smoke inhalation (17).
Airway obstruction
Combustion products like particulates, oxidants and toxic gases cause damage to the respiratory tract, which can lead to its closure or partial collapse (18). The patency of the airway is also affected by the accumulation of cast material which usually occurs in multiple sites. Cast material consists of fibrin, neutrophils, bronchial epithelial cells and mucus secretions, which is recruited, shed or secreted by the victim exposed to smoke inhalation injury. As the ciliary transport system is impaired due to damage of the ciliated epithelium by smoke inhalation, the cast material remains uncleared in the airway. More cast materials are found in smoke inhalation victims with pneumonia than those with burns, indicating that airway coagulopathy is worse in smoke inhalation victims with pneumonia.
Metabolic changes
Smoke inhalation injury leads to a change in metabolism of arginine in the lung. A day after combined smoke with burn injury, arginine metabolism is significantly higher than control animals and animals administered with a nonspecific NOS inhibitor (19).
Oxidative stress
Nitric oxide is produced endogenously by macrophages and neutrophils as an immune response against bacterial pathogens. Nitric oxide is also used by vascular endothelial cells as a signalling molecule acting on the smooth muscle cells as a potent vasodilator. At high levels, nitric oxide behaves as a free radical and increases inflammation response.
During inflammatory stress, heme is not available to scavenge nitric oxide, which accumulates and binds with cellular superoxide to form peroxynitrite, a strong oxidant which can cause damage to cells and DNA. High levels of peroxynitrite causes extensive tissue damage, leading to increased capillary permeability, subsequently pulmonary edema and impaired gaseous exchange (20).
Cardiac depression as a result of burn/smoke inhalation injury in sheep, is observed to consist of 2 phases (immediate and 24h), with the later phase mediated by nitric oxide synthesized by inducible nitric oxide synthase (iNOS) (21). Sheep, when exposed to combined burn and smoke inhalation exhibits increasing expression of iNOS, elevation of plasma nitrate/nitrite (NOx) levels, and an increase of 3-nitrotyrosine in lung tissue, indicating heightened peroxynitrite levels. Pulmonary shunting, a progressive decrease in PaO 2 /FiO 2 ratio, loss of hypoxic pulmonary vasoconstriction, pulmonary edema, airway obstruction and an increase in airway pressure occurred in parallel. It is suggested that the sudden physiological deterioration of blood gas parameters is caused by airway obstruction and loss of hypoxic pulmonary vasoconstriction (22).
Sheep exposed to wood smoke demonstrate an increase in myeloperoxidase activity in lung tissue, which leads to dose-dependent injury of tracheal epithelium and lung parenchyma. This indicates that wood smoke inhalation leads to an increase in oxidative stress (23).
Substantial research conducted on the effects of cigarette smoke on oxidative stress in humans established that smokers have significantly lower alpha-tocopherol and gamma-tocopherol in lymphocytes, and lower alphatocopherol in platelets. In addition significantly higher excretion of urinary gamma-tocopherol metabolite, gammacarboxyethyl-hydroxychroman (CEHC) is deduced. Measurement of lymphocyte and platelet vitamin E is suggested as a biomarker of vitamin E status in relation to oxidative stress conditions (24). Cigarette smoking causes oxidative stress in humans, increases alpha-tocopherol disappearance and decreases plasma and urinary CEHC. CEHC is suggested to be an excellent marker of vitamin E status and smokers may have a higher need for vitamin E (25).
The increase in disappearance of alphatocopherol and reduction of plasma ascorbic acid concentrations, which suggests increased oxidative stress, accompanies cigarette smoking. It is suggested that smokers have a heightened need for alpha-tocopherol and ascorbic acid (26). Smokers have 60% lower alphatocopherol and 40% lower gamma-tocopherol levels than non-smokers. This measured reduction of alpha-tocopherol is not a result of P450-mediated tocopherol metabolism, implying that the decrease in alpha-tocopherol is due to oxidative stress (27).
Chronic obstructive pulmonary disease is caused by local and systemic inflammation, due to an increase in inflammatory cell count, increased production of cytokines, oxidative stress caused by an imbalance between reaction oxygen species formation and antioxidant capacity (28).
Mucin
Rats that are exposed to wood smoke show trachael epithelium deterioration, cilia reduction and submucosal edema. From the correlation of Muc4 upregulation and the improvement in histological results, Muc4 gene is shown to be a likely marker for repair of the tracheal epithelium (29).
In a clinical setting, smoke victims presents with an upper airway gland specific mucus, mucin 5B, in the bronchioles in all cases, and in the parenchyma in all but two subjects. The results illustrate that an increase in mucus production or impairment of mucociliary function may be the cause of lung injury in smoke inhalation (30).
Cytokines
The rabbit model of smoke inhalation injury demonstrates that exposure to cotton smoke leads to alveolar macrophages priming the release of TNF-alpha and reduced antimicrobial activities like phagocytosis (31-32). Furthermore studies have proven that IL-8 mediates injury to the alveolar epithelial barrier and the lung endothelium (33).
Victims of smoke inhalation assessed 6 months after exposure revealed that serum and bronchoalveolar lavage fluid significantly increased TNF-alpha and IFNgamma, while IL-2 increased did not see a significant increase. Airway hyper-responsiveness to methacholine was observed in all but one patient. Inflammatory reactions in the airways and peripheral blood continued for at least 6 months after smoke inhalation (34).
Inhalation of advanced composite material (ACM) consisting of carbon, graphite and epoxy was compared to a rodent model of paraquat-induced acute lung injury (ALI). Rats exposed to ACM smoke show no change in lung function indicative of ALI. Expression of TNFalpha increases in the lavage fluid after 1 day, MIP-2 significantly increase from day 2, 3 and 7 while IFNgamma levels significantly increases on day 7. Changes related to ALI include a decrease in lung compliance, lung volumes/capacities, distribution of ventilation and gas exchange capacity. The expression of TNF-alpha and MIP-2 is seen to increase in lung tissue and lavage fluid. The temporal relationship may account for differences in lung function between paraquat treated and ACM smoke exposed rats (35). Smoke inhalation and burn injury induces a large influx of alveolar leukocytes, increases levels of TNF-alpha, IL-6, and IL-8 cytokine response after LPS stimulus, compared to burn injury alone or with normal controls (36).
Smoke inhalation and burn injury in sheep leads to an obstruction of the bronchial airways in the first 24 hours. At 4 h after injury, the obstructive material consists mostly of mucus, with neutrophils clustered around and within gland acini. At 8-24 h, the obstruction is caused by increased inflammatory cell accumulation. Gland cells constitutively express and secrete IL-1beta. After injury, there is an increase in number of gland cells secreting IL1alpha, IL-8 and TNF-alpha instead (37).
CLINICAL CHARACTERISTICS OF SMOKE INHALATION
Victims of smoke inhalation can be classified based on clinical presentations. Victims with nasal soot, singed facial hair, facial burns or with breathing difficulty can be classified as high risk. They are more likely to have depressed mental status, low blood pH of 7.2, respiratory failure, cardiac failure, high COHb of 38 % and above, lower body temperature of 35 °C and have a higher mortality rate (38). Victims with no surface burns but with altered mental status, sore throat, hoarseness, cough, dyspnea, chest pain, sooty sputum, wheezing or stridor have lower mortality (39).
Mild (<20% COHb) CO poisoning causes headache and dizziness. Moderate (20-40%) CO poisoning causes nausea, convulsions and impaired motor function. Severe (40-60%) CO poisoning causes altered mental status, loss of muscle coordination and coma. Lethal (>60% COHb) CO poisoning leads to death within 3 min (40). Acute exposure to high levels of CO can lead to brain injury, delayed encephalopathy, hemorrhagic leukoencephalopathy, hemorrhagic infarction, myocardial infarction and hearing loss (41-56). Cognitive sequelae, depressed mental status and anxiety is suggested to be independent of the severity CO exposure from 6 weeks to 1 year after CO poisoning (57) . These delayed neurological symptoms can be treated if recognised early (58) .
Respiratory distress can be due to bronchial obstruction by soot or cast materials. Fibreoptic bronchoscopy can be conducted on victims of smoke inhalation to aid in the removal of the airway obstructions by bronchoscopic lavage or grasping forceps (39). Intubation and pulmonary toilet (deliberate clearing of mucus from trachea and bronchial tree via deep breathes, percussion, postural drainage and incentive spiratomy) can be beneficial to remove the bronchial obstructions (59).
Four soldiers exhibited severe dyspnea after being exposed to fumes from smoke bombs. CT scans of the chest revealed bilateral ground-glass attenuation (appearance of dark regions in the lung radiographs despite clear visualization of embedded vessels) with peripheral lung sparing. With steroid therapy, gradual recovery of the soldiers was noted. CT is found to be useful for determining severity of lung injury and diagnosis of inhalation pulmonary edema (60) . Additionally, data obtained from 1057 older adults shows that lifetime exposure to second-hand smoke results in a greater decline in lung function and risk of cardiovascular mortality, accounting for confounders, mediating effect of FEV1 and baseline cardiovascular diseases (61).
ANIMAL MODELS USED TO STUDY SMOKE INHALATION INDUCED INJURIES
The first animal models developed in smoke inhalational studies are described in Table 1 Smoke inhalation caused necrotic tracheobronchitis, bronchiolitis with pseudomembrane and cast formation, mild multifocal atelectasis and bronchopneumonia, which is an appropriate model to evaluate pathophysiology and treatment of inhalation injury (106) .
Sheep
Cotton smoke (1984, 1986, 1988, 2002) Anaesthetized sheep exposed to smoke were monitored for lung lymph flow and cardiopulmonary levels for 72 h, with significant decrease in arterial oxygen tension and development of dyspnea within 24 h after exposure (107) . An ovine smoke-inhalation model showed an increase in lung lymph flow and an increase in the lymph:plasma ratio of protein, suggesting increased permeability of the alveolar capillary membrane (8). Another study in ovine smoke-inhalation model shows that pulmonary edema is formed as a result of significant increase in capillary pressure and capillary permeability (10). A model of sepsis following inhalation injury in sheep was found to resemble closely the condition of hyperdynamic sepsis in humans (108 After 7 days of mechanical ventilation, high-frequency flow interruption was found to have significantly reduced barotraumas and parenchymal damage, compared to high-frequency oscillatory ventilation (110) . smoke inhalation should be intubated to remove build-up of mucus and to prevent choking on secretions. Menchanical ventilation may be considered to increase oxygen intake. A bronchodilator could be used to allow smoother breathing if airway is constricted.
Bronchoscopy can be performed to allow a better prognosis of the type and amount of damage sustained, to identify and remove mucus, secretions and debris. Bronchoscopy should be done during atelectasis to prevent apoxia. Victims presenting with >10 mmol/L plasma lactate are highly likely to have cyanide poisoning and should be treated with cyanide antidote (Taylor, Lilly or Pasadena Kit) (62) . Patients should also be tested for other toxic substances in the blood. If any are detected, the respective antidote should be administered immediately. Antibiotics should only be given after confirmation of sputum or blood cultures.
For patients with severe carbon monoxide or hydrogen cyanide poisoning, hyperbaric oxygenation treatment (HBOT) can be considered. In HBOT, the patients are given concentrated oxygen in a pressurised chamber of about 1.5 to 3 atm. Studies have shown that HBOT prevents loss of consciousness, reduces symptoms of altered mental state, prevents long term (6 weeks and 1 year) congnitive sequelae, cardiovascular dysfunction, ameliorates pulmonary edema and attenuates neurological damage (63) . However, the use of HBOT in smoke victims still remains controversial as the methods for treating adults can not be used in children or pregnant women (64) . More clinical studies are needed to validate HBOT as a therapy for smoke inhalation injury.
Bronchodilators should be administered to patients with prior lung conditions like asthma to address reflex bronchoconstriction due to irritation by inhaled smoke. Where possible, deep breathing, coughing and clearing of mucus is beneficial to prevent atelectasis and to the removal of airway debris. In victims with trachael intubation, pulmonary toilet can be done to remove airway debris. Corticosteroids like methylprednisolone and hydrocortisone are found to have no significant effect or ineffective (65) (66) .
A 67 year old woman who lived 35 years with her husband, who was a heavy smoker, presented with pulmonary over-inflation via chest roentgenogram, but chest CT scans did not show emphysematous changes. Her respiratory functions improved after beta2-agonist inhalation, anti-cholinergic drug inhalation, steroid drug (HFA-BDP) inhalation, and salmeterol. One year after treatment, FEV1.0 increased by 450 ml (67). Beta2-agonist was also suggested by another group as a possible therapy for acute inhalational lung injury (68).
POTENTIAL THERAPEUTICS
In various animal models of smoke inhalation, the benefits of exogenous surfactant, antagonists, antioxidants, anti-inflammatories, anti-epileptics, inhibitors, nitric oxide, fibrinolytics, antibiotics, recombinant proteins, mechanical ventilation and bronchial circulation suggest that these compounds or clinical interventions may have a future therapeutic role in smoke-induced injury.
Surfactants
Mongrel dogs that are exposed to wood smoke inhalation and immediately administered with an exogenous surfactant, show improvement of pulmonary function and gaseous exchange (69) . Adult male Sprague Dawley rats shows that the co-administration of intratracheal surfactant and dexamethasone, an antiinflammatory steroid, improves pulmonary gaseous exchange, attenuates lung inflammation, and reduces lung damage after paraquat-induced lung injury (70).
Leukotriene antagonist
Sheeps that are exposed to acrolein smoke and treated with BW-755C (a combined cyclooxygenase and lipoxygenase inhibitor) prevents pulmonary edema and pulmonary hypertension. Treatment with indomethacin (a cyclooxygenase inhibitor) prevents pulmonary hypertension but not pulmonary edema, indicating that leukotriene B4 is responsible for formation of pulmonary edema (71).
Antioxidants
The effects of antioxidants on smoke inhalation injury have been detailed in numerous studies based on ovine model. Antioxidants protects against oxidative damage which occurs in smoke inhalation injury. Aerosolised deferoxamine-pentastarch but not aerosolised deferoxamine alone prevents lung injury in an ovine smoke-inhalation model, either directly or indirectly as an antioxidant (72) .
Manganese superoxide dismutase (Mn-SOD), which increases lung microvascular permeability coefficient, reduces filtation coefficient, reduces lymph flows and improves arterial O 2 -to-inspired O 2 ratio (73) . Moreover, when treated with nebulised Mn-SOD, which attenuates the increase in filtration coefficient and filtration sigma, significantly decreases lung tissue conjugated dienes and attenuates loss of protein in the animal. Mn-SOD did not moderate the increase in lung lymph flow, failed to reduce the fall in PaO 2 /FiO 2 ratio, did not prevent pulmonary edema and thus shows modest clinical potential (74) .
Nebulised vitamin E is acknowledged to increase lung alpha-tocopherol concentrations and significantly improve pulmonary gas exchange in a burn and cotton smoke inhalation injury model (75) . Furthermore, when sheep are given alpha-tocopherol orally 24h prior to injury, it doubles plasma alpha-tocopherol levels, preventing an increase in pulmonary permeability index, attenuating the increase in lung lymph flow, increases the PaO 2 /FiO 2 ratio, reduces both peak and pause airway pressure increases and decreases plasma conjugated dienes and nitrotyrosine. Vitamin E can thus be utilized as a prophylactic to protect against smoke inhalation injuries (76).
Sheep that are exposed to combined cotton smoke and skin burn injury demonstrate a depletion of tissue alpha-tocopherol. Administration of vitamin E is found to alleviate this depletion and protect against oxidative stress (77) . In addition, when subjects are treated with L-arginine, the decline in plasma arginine is softened. A reduction in decline of the PaO 2 /FiO 2 ratio, reduction of airway obstruction, lessening of histopathological injuries, and a significant decrease in nitrotyrosine, which indicates reduced lung tissue damage, is associated with L-arginine. Administration of L-arginine is able to prevent formation of peroxynitrite by iNOS, lessening oxidative stress levels (78) (79) .
Smokers are characterized by increased rates of disappearance in levels of alpha-tocopherol and gammatocopherol. Ascorbic acid is able to double plasma ascorbic acid concentrations and attenuate the increased rate of disappearance by reducing oxidative stress, hence reducing vitamin E disappearance (80).
Anti-inflammatory drugs
After exposure to concentrated ambient particles, rats show slight bronchiolar inflammation and thickened vessels at the bronchiole, which is ameliorated by prophylactic treatment with N-acetylcysteine (81) . Treatment of sheep subjected to burn and smoke inhalation injury with continuous nebulised albuterol, a bronchodilator and anti-inflammatory drug, leads to lower pause and peak inspiratory pressures, a decrease in pulmonary transvascular fluid flux, significantly higher PaO 2 /FiO 2 ratio, a lower shunt fraction 48 h postinjury, a decrease in lung wet-to-dry weight ratio and bronchial obstruction scores (82) . Furthermore, cotton smoke inhalation injury is attenuated by alpha-Trinositol, by reducing pulmonary microvascular permeability and transvascular fluid change (83).
Anti-epileptic drug
Smoke inhalation studies on sheep shows that phenytoin, an anti-convulsant, attenuates the increase in pulmonary artery pressure and pulmonary vascular resistance index and the decrease in cardiac index (84).
iNOS inhibitor
The majority of nitric oxide is produced by macrophages and neutrophils as an immune response against foreign pathogens through iNOS. The sustained levels of nitric oxide can lead to formation of peroxynitrite, a potent oxidant which can cause extensive tissue and DNA damage. Inhibition of iNOS by BBS-2, a selective iNOS dimerisation inhibitor ameliorates the decrease in pulmonary function and gaseous exchange, attenuates pulmonary edema, reduces airway obstruction, reduces the increase in bronchial blood flow and plasma nitric oxide in an ovine model of combined smoke with burns (85) .
A study on a combined smoke and burn model of sheep shows that mercaptoethylguanidine, an iNOS inhibitor, is able to attenuate the increase in plasma and lymph NOx concentration, prevent depressed hemodynamics, and reducing fluid requirements compared to the control group. Inhibition of iNOS significantly minimizes changes in pulmonary microvascular permeability (86) .
Nitric oxide
Studies show that the inhalation of 40 ppm nitric oxide, which is reported to decrease microvascular permeability to protein, 22 h after cotton smoke inhalation injury in sheep, reduces lung lymph flow and pulmonary edema and prevents a marked increase in pulmonary microvascular resistance (87).
PARP inhibitor
Poly(ADP-ribose) polymerase (PARP) inhibitor, INO-1001, attenuates pulmonary edema, airway blood flow and pressure, lung histological injury and systemic vascular leakage in an ovine burn and smoke-inhalation model (88) .
Reducing cast formation
Combustion products like particulates, oxidants and toxic gases cause damage to the respiratory tract, which can lead to its closure or partial collapse (89) . The patency of the airway is also affected by the accumulation of cast material which usually occurs in multiple sites. Cast material consists of fibrin, neutrophils, bronchial epithelial cells and mucus secretions, which is recruited, shed or secreted by the victim exposed to smoke inhalation injury. As the ciliary transport system is impaired due to damage of the ciliated epithelium by smoke inhalation, the cast material remains uncleared in the airway. More cast materials are found in smoke inhalation victims with pneumonia than those with burns, indicating that airway coagulopathy is worse in smoke inhalation victims with pneumonia.
Cast material consists of fibrin, neutrophils, epithelial cells and mucus in multiple sites in the respiratory tract causes airway obstruction. Tissue plasminogen activator (TPA), which breaks apart fibrin clots, was nebulized and inhaled in an ovine smoke with burn model. Nebulized 2 mg TPA has been shown to attenuate decrease in pulmonary function and gaseous exchange, reduce pulmonary edema and airway obstruction. Nebulized 1 mg TPA showed similar results compared to nebulized saline (90) .
Continuous infusion of heparin leads to a reduction in cast formation, improves blood oxygenation, attenuates barotrauma and reduces pulmonary edema (91) . Additionally, it is shown that inhalation of nebulised heparin is able to reduce sepsisinduced cast formation, pulmonary edema, congestion, macrophage infiltration and attenuates hyperdynamic cardiovascular flux and a decrease in blood oxygenation (92) . It is also noted that high-dose heparin does not improve lung function in a sepsis-induced smoke inhalation injury model (93).
Mechanical ventilation
Immediate initiation of positive pressure ventilation with positive end-expiratory pressure significantly increases survival, decreases cast formation and does not alleviate hypoxia following smoke inhalation injury in a sheep model (94) . Additionally, volume controlled mechanical ventilation with systemic heparin achieved 50% survival, while high-frequency percussive ventilation with systemic heparin achieved 100% survival 60 hours after the onset of acute respiratory distress syndrome in a cotton smoke/burn induced LD100 sheep model (95).
Bronchial circulation
A study of cotton smoke inhalation in sheep indicates that inhalation injury leads to a slow increase in pulmonary vascular resistance and lung lymph flow, linked to deteriorating tissue oxygenation. A drop in bronchial blood flow attenuates these pathophysiological effects and the attenuation is increased when 70% ethanol is injected into the ligated bronchial artery than when only the artery was ligated. These data suggest that bronchial circulation contributes to the formation of pulmonary edema after smoke inhalation injury (96).
Endothelin-1 receptor blockade
Tezosentan (an ETA and ETB receptor antagonist) is unable to protect against smoke inhalation injury in a sheep model (97).
Protease inhibitor
Intravenous administration of gabexate mesilate, a synthetic protease inhibitor, significanly reduces transvascular fluid and protein flux, and eliminated gas exchange degradation in an ovine cotton smoke-inhalation model (98) .
Antibiotics
Gentamicin stabilizes cardiac index, attenuates the decrease in mean arterial pressure and systemic vascular resistance index in an ovine septic shock model following cotton smoke inhalation injury (99) .
Thromboxane A2 synthase inhibitor
OKY-046, a selective thromboxane A2 synthase inhibitor, is shown in an ovine smoke model to significantly inhibit pulmonary thromboxane B2 delivery, reduces early increase in pulmonary vascular resistance, prevents increase in systemic vascular resistance, diminishes and delays decrease in cardiac output and prevents an increase in lung lymph flow. OKY-046 was noted to ameliorate cardiovascular and pulmonary dysfunction caused by smoke inhalation injury (100).
Activated protein C
Activated protein C (APC) is a serine protease that has anti-inflammatory and anti-coagulant activities. The effects of recombinant human APC (rhAPC) in ALI based on a sheep model shows that infusion of rhAPC attenuates a fall in PaO 2 /FiO 2 ratio, moderates an expected increase in pulmonary microvascular shunt fraction, increases peak airway pressure and limits an increase in 3-nitrotyrosine. rhAPC fails to ameliorate lung edema formation. Treatment with rhAPC does not alter activated clotting time or platelet count but causes reduced fibrin degradation products (101) . Intravenous administration of APC into Wistar rats significantly reduced inflammatory cell sequestration and attenuated lung reperfusion injury by increasing antioxidative and decreasing oxidative enzyme activity levels (102).
SUMMARY AND PERSPECTIVE
Studies are needed to evaluate the safety and efficacy of these potential therapies before they can be used clinically. Through a better understanding of the pathophysiology of the various kinds of smoke inhalation injury and the lung's response to them, more effective and specific therapies may be discovered for improving the outcomes of people with various types of smoke-induced lung injury. As each case of smoke-induced lung injury is unique, it would be ideal to tailor the therapy to the condition of the victim using combinatory therapeutics. 
